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Low-frequency dielectric spectra of high-resistivity GaSe layered 
crystals have been studied on the samples clamped between two 
insulating parallel plates at frequencies up to 100 kHz. The mea- 
surements have been carried out at different uniaxial stresses up 
to 2.4 X 10 5 Pa applied along the c-axis normal to crystal layer's 
plane. It is revealed that the dielectric spectra of high-resistivity 
GaSe layered crystals with insulating plates obey a universal power 
law ~w n— 1 , where uj is the angular frequency and n 0.8, earlier 
observed on high-resistivity GaSe crystals with indium-soldered 
contacts. The same type of spectra on the crystals with different 
types of contacts (insulating and ohmic) confirms the bulk char- 
acter of the observed polarization caused by hopping charge carri- 
ers. It is shown that the frequency-dependent dielectric constant 
increases linearly with the uniaxial stress characterized by the co- 



efficient Ae/(eAp) = 8x10" 



Pa" 



A slight increase of power 



1 — n with the stress is observed, that leads to a stronger dielectric 
dispersion. The strong stress dependence of the low-frequency di- 
electric constant in high-resistivity GaSe crystals may be referred 
to the presence of the formations of elementary dipoles, rotations 
of which correspond to hops of localized charge carriers. 



1. Introduction 

Gallium selenide is a layered semiconductor with a band 
gap of 2 eV at room temperature. Each layer of this 
crystal consists of four sheets of like atoms in the se- 
quence Se-Ga-Ga-Se, within which the atoms are hold 
by strong covalent bonds (HH)]. Weak crystalline bonds 
between atoms, belonging to different neighbor layers, 
and the possibility to stack the layers in different ways 
allow the formation of a few polytypes. But gallium 
selenide crystals, grown from a melt of the stoichiomet- 
ric composition by the Bridgman-Stockbarger method, 
usually belong to the e-polytype the hexagonal unit 
cell of which contains 8 atoms and spans two layers in 
the direction normal to layer's plane. The disposal of 
atoms inside a unit cell corresponds to the space sym- 
metry group P-6m2 (187). The large crystallographic 
anisotropy of GaSe crystals causes the singularities of 
mechanical, electrical, and optical properties [4-6]. The 
high electrical resistivity due to the wide band gap 



makes gallium selenide attractive for studying the low- 
frequency dielectric spectra and the effects appearing 
under condition of the domination of displacement cur- 
rents. From earlier studies Q, it is known that the di- 
electric spectra of high-resistivity GaSe crystals with re- 
sistivity over 10 5 fi-cm are characterized by the disper- 
sion obeying the universal power law 



(1) 



where t\{uj) and €2(0;) are real (in-phase) and imaginary 
(phase shifted by tt/2) frequency-dependent components 
of the complex relative dielectric constant, respectively, 
j is the imaginary unit, u) is the angular frequency, and 
the exponent 1 - n w 0.2. A dispersion of this type, 
when the exponent 1 — n < 0.3, but not too small, is 
usually connected with the hopp ing transport of quasilo- 
calized electrical charge carriers [lfjfjll1 | . The localization 
of charge carriers in GaSe crystals can be a result of the 
non-controlled intercalation and a deviation of the chem- 
ical composition from the stoichiometric one. In partic- 
ular, according to [H], [l3||, the local stacking faults of 
layers lead to breaking down the translation symmetry 
of GaSe crystals along the axis normal to layer's plane, 
that, in turn, leads to the localization of charge carriers 
in the regions restricted by two consequently displaced 
faults. Therefore, in most cases, layered crystals and 
GaSe crystals, particularly, are characterized by a high 
density of localized levels in the forbidden gap and in 
the tails of bands of allowed energies. Recently, the low- 
frequency dielectric spectra of GaSe crystals have been 
measured on samples with nearly ohmic contacts fabri- 
cated by indium soldering on fresh cleaved surfaces of 
the crystal Q • Studies of the dielectric spectra of GaSe 
crystals with the use of blocking contacts that do not al- 
low the injection of excess charge carriers into the crystal 
volume, as well as studying the influence of external fac- 
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Fig. 1. Frequency dependencies of the relative dielectric con- 
stant of a high-resistivity GaSe layered crystal at different uniaxial 
stresses applied along the c-axis (1 — Pa, 2 - 1.2 X 10 Pa, 3 — 
2.4 X 10 5 Pa) 

tors (particularly, a uniaxial pressure) on the frequency- 
dependent dielectric permittivity, are of importance to 
confirm the bulk character of observed polarization pro- 
cesses and to obtain the information about singularities 
of the localization of electrical charge carriers and the 
character of interaction between them. 

2. Experimental 

This paper studies the low-frequency dielectric spectra of 
high-resistivity GaSe crystals measured with the use of 
the plates which are blocking (insulating) for the electri- 
cal charge carriers under a uniaxial stress applied along 
the c-axis normal to layer's plane. The disc-shaped fer- 
roelectric capacitors with metal plates ground from one 
side were used as blocking contacts [8|,|9j]- The dielec- 
tric spectra of these plates itself do not show a notice- 
able dispersion within the investigated frequency range, 
and their capacity in the case of the squeezing of the 
measuring cell without a sample is enough large (more 
than 50 pF) to create the conditions for prevailing the 
impedance of the samples under study. Crystals for 
measurement were grown by the Bridgman-Stockbarger 
method; samples were cleaved along layers with a thick- 
ness of about 1 mm. The measurements of dielectric 
spectra at frequencies up to 100 kHz have been carried 
out, by transducing the complex capacity into a pro- 
portional ac voltage. The transducer of the complex 
capacity fabricated on the basis of an operational am- 
plifier allows us to elucidate the effect of the capacity 
of connecting cables on the measurement results. In 
the process of measurement, the ac sinusoidal voltages 



were consequently applied to the sample with different 
frequencies with an approximately linear step on the 
log-scale in the set frequency range with an rms volt- 
age of 100 mV. The rms voltage on the output of a 
transducer was measured with a digital voltmeter, and 
the phase shift between input and output (proportional 
to the current across the sample) signals with a digital 
phase-meter. The preceding correction of the measur- 
ing equipment using the standard elements allows us to 
avoid the constant bias. We note that the impedance of 
dielectric plates decreases with increase in the frequency 
according to the law ~l/u; (in the case of ideal capac- 
ity), and the impedance of high- resistivity GaSe crystals 
in the region, where the displacement current prevails, is 
proportional, as expected, to lo~ s , where s ~ 0.2. There- 
fore, at frequencies higher than some critical value, the 
dielectric response of the sample under study will domi- 
nate in the measuring spectra. We succeeded to observe 
this domination of the dielectric spectrum of the sample 
under study squeezed in a measuring cell with dielectric 
plates just on high-resistivity GaSe crystals. 

3. Results and Discussion 

The frequency dependencies of the relative dielectric 
constant of a high-resistivity GaSe layered crystal at var- 
ious uniaxial stresses are shown in Fig. 1. It corresponds 
to the real part of polarization that changes in-phase 
with the applied sinusoidal electric field. It can be ob- 
served on the frequencies higher than ^4xl0 3 Hz, that is 
connected with the limiting effect toward low frequencies 
of the capacities of dielectric plates of a measuring cell 
which are connected schematically in-series. The linear 
dependence of the dielectric constant on the frequency 
on the log-log scale indicates that the spectra obey a 
universal power law - uj- ( - 1 - ,1 \ where 1 - n « 0.2. The 
presence of the dispersion in high-resistivity GaSe crys- 
tals, under condition of the impossibility of the across 
current via a sample, is one more confirmation of the 
bulk character of the polarization process under study. 

As can be seen from Fig. 2, the dispersive dielec- 
tric constant of GaSe layered crystals linearly increases 
with the uniaxial stress with a sufficiently high coefficient 
that equals, for example, 3.5 x 10 -5 Pa at a frequency 
of 63 kHz. Since the spectra obey the universal power 
law, it can be concluded, omitting a weak dependence 
of the exponent 1 — n on the pressure, that the ratio of 
a relative change of the dielectric constant to a change 
of the stress Ae/(eAp) = 8xl0~ 7 Pa -1 is independent 
of the frequency and can characterize the sensitivity of 
the frequency-dependent dielectric constant to a uniax- 
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ial stress in high- resistivity GaSe crystals. The exponent 
1 — n can be obtained from the slope of the frequency 
dependence e% (cj) on the log-log scale or from the ratio of 
the imaginary and real components of the dielectric con- 
stant which is frequency-independent for a specific po- 
larization process according to the universal power law 

In Table, we give the values of exponent 1— n which are 
obtained from the ratios of the real and imaginary parts 
of the dielectric constant (column 3) and from the slopes 
of the frequency dependence of the dielectric constant 
on the frequency on the log- log scale (column 4). Close 
values of 1 — n obtained by two different methods confirm 
that the response of a GaSe cystal under study prevails 
in the high-frequency part of the spectrum. The results 
shown in Table allow us to assert also that the exponent 
1 — n weakly increases with the uniaxial stress. 

The measured ratios of a relative change of the 
frequency-dependent dielectric constant to a uniaxial 
stress in GaSe layered crystals significantly exceed the 
piezoconductivity coefficients for most known semicon- 
ducting materials, which is explained by a transforma- 
tion of the energy band spectra of crystals and a change 
of the effective mass of charge carriers [1J|. Further, 
let us estimate a possible change of the dielectric con- 
stant within the model of hops of localized charge carri- 
ers in rigid double potential wells which corresponds to 
the absence of interaction between charges. For exam- 
ple, the hopping frequency depending on the tunneling 
factor can be written as / = /o exp(— 2aR), where /o 
is the attempt frequency, a is the wave function decay 
constant, and R is the distance between localization cen- 
ters. A change of the distance between two centers by 
AR leads to a relative change of the hopping frequency 
Af/f = -2aAR = ln(f/f )(Ap/B 3 ), where B 3 is the 
elasticity modulus of a GaSe crystal along the c-axis. 
The component of the elasticity modulus characterizing 
a ch ang e of interlayer distances in GaSe layered crys- 
tals [15|, which is significantly less than that connected 
with a change of the distances between atoms inside lay- 



Dependence of dielectric loss tangent and exponent 1 — n 
of a GaSe crystal on the uniaxial stress at a frequency of 
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Fig. 2. Dependencies of the relative dielectric constant of a high- 
resistivity GaSe layered crystal on the uniaxial stress applied along 
the c-axis measured at various frequencies (1 — 25 kHz, 2 — 40 kHz, 
5-63 kHz) 

ers, can be considered as B%. But even in this case, the 
relative change of the hopping frequency at the applied 
stress 2.4xl0 5 Pa is about 10 -4 , which leads to an even 
less relative change of the dielectric constant. There- 
fore, the model of independent hops of charge carriers 
in rigid double potential wells, for which the distance 
between energy minima changes proportionally to a rel- 
ative change of interlayer distances, is also incapable to 
explain the observed change of the frequency-dependent 
dielectric constant of crystals under the action of a uni- 
axial stress. 

But, according to the modern conceptions, the polar- 
ization in condensed matter cannot be considered as a 
rotation of independent dipoles, each of which changes 
the orientation in rigid double potential wells or wells 
with more minima [lll.[l6|. A change of the position 
of each localized charge carrier equivalent to the rota- 
tion of an elementary electric dipole leads to a change of 
the dispositions of many other neighbor localized charges 
within the region of a certain radius. So, the experi- 
mentally measured macroscopic parameters of polarized 
condensed media characterize not the individual dipoles, 
but some formations on the basis of elementary dipoles. 
At present, the behavior and dimensions of these for- 
mations are known very little. They are characterized 
by their own effective dipolar moments and relaxation 
times which differ from those of elementary dipoles and 
cause, in most cases, a distribution of relaxation times in 
a wide interval. A significant sensitivity of the dielectric 
constant of GaSe crystals to a mechanical stress can be 
explained by the presence of the formations of elemen- 
tary dipoles, whose rotations are equivalent to localized 
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charge carrier hops. As a result, each elementary local- 
ized charge does not stay not in some mean electric field, 
but undergoes the action of a local electric field formed 
by a certain arrangement of surrounding electric charges, 
which is established in the process of creation of dipole's 
formations at a certain time moment. The establishment 
of a distribution of local electric fields and the creation of 
formations of elementary dipoles are random processes 
strongly dependent on previous step-by-step changes in 
the dipolar system and thereby very sensitive to defects 
of the crystal structure and different external factors, 
particularly a uniaxial stress. An insignificant influence 
of some external factors can decline the preferred posi- 
tions from one side to another one for some individual 
dipoles with close values of probabilities to be in two 
different directions. As a result of the subsequent pro- 
cesses of reorientation of the neighboring dipoles, this 
can cause a significant change of parameters of the for- 
mations of individual dipoles, which will reveal, in our 
case, in changes of the low-frequency dielectric constant 
under a uniaxial stress. 

4. Conclusions 

Our investigations of the low-frequency dielectric spec- 
tra of high-resistivity GaSe crystals clamped between 
dielectric plates of a flat capacitor demonstrated the 
dominance of the dielectric spectrum of the type, 
where uj is the angular frequency and the exponent 
n w 0.8, which is characteristic for the systems with 
hopping motion of charge carriers. It is established that 
the disperse permittivity of high-resistivity GaSe crys- 
tals linearly depends on the uniaxial stress and can be 
characterized by the frequency-independent coefficient 
Ae/(eAp) = 8xl0 -7 Pa -1 . The exponent 1 — n insignif- 
icantly grows with increase in the uniaxial stress. The 
revealed considerable dependence of the low-frequency 
permittivity of high-resistivity GaSe crystals on the uni- 
axial stress is related to the formation of ensembles of 
elementary dipoles in the crystal, whose rotations are 
equivalent to hops of localized charge carriers. The es- 
tablished regularities of the dependence of the dispersive 
permittivity on the uniaxial stress can be used for study- 
ing the peculiarities of the formation of dipole ensembles 
in solids, as well as for creating the uniaxial stress sen- 
sors based on new physical phenomena. 

1. J.C.J.M. Terhell and R.M.A. Lieth , Phys. Stat. Sol. A 
10, 529 (1972). 

2. J.L. Brebner, S. Jandl, and B.M. Powell, Solid State 
Commun. 13, 1555 (1973). 



3. A.I. Balitskii, A.S. Krochuk, I.M. Stakhira, and 
A.V. Franiv, Fiz. Tverd. Tela 24, 76 (1982). 

4. R.H. Bube and E.L. Lind, Phys. Rev. 115, 1159 (1959). 

5. A.G. Kyazym-zade, R.N. Mekhtieva and A. A. Akhme- 
dov, Sov. Phys.-Semicond., 25, 840 (1991). 

6. D. Errandonea, A. Segura, F.J. Manjon, A. Chevy, 

E. Machado, G. Tobias, P. Ordejon, and E. Canadell, 
Phys. Rev. B 71, 125206 (2005). 

7. O. Fl'unt, A. Jonscher, J. Stakhira, in Proceed, of the 
Int. Conference on Dielectric and Related Phenomena, 
Bialsko-Biala, Poland, 1998, p. 134. 

8. A.G. Yakovenko, E.A. Shelonin, V.I. Fistul', Fiz. Tekhn. 
Polupr. 17, 345 (1983). 

9. L.G Meiners, J. Appl. Phys. 59, 1611 (1986). 

10. A.K. Jonscher, J. Phys. D: Appl. Phys. 32, R57 (1999). 

11. A.K. Jonscher, Universal Relaxation Law (Chelsea Diel. 
Press, London, 1996). 

12. K. Maschke and H. Overhof, Phys. Rev. B 15, 2058 
(1977). 

13. S. Nusse, P. Haring Bolivar, H. Kurz, V. Klimov, and 

F. Levy, Phys. Stat. Sol. (b) 204, 98 (1997). 

14. K. Seeger, Semiconductor Physics (Springer, Berlin, 
1999). 

15. M. Gauthier, A. Polian, J.M. Besson, and A. Chevy, 
Phys. Rev. B 40, 3837 (1989). 

16. L. Dissado, in Springer Handbook of Electronic and Pho- 
tonic Materials, edited by S. Kasap and P. Capper 
(Springer, New York, 2006). 

Received 25.11.10 



BI1JIHB QAHOBICHOrO THCKY HA HH3bKOHACTOTHy 
flHCIlEPCIK) fllEJIEKTPHHHOI IIPOHHKHOCTI 
y BHCOKOOMHHX KPHCTAJIAX GaSe 

H.M. Cmaxipa, O.G. @AK>Hm, fl.M. <Pinjia 
P e 3 io m e 

IlpOBefleHO flOCJIlflJKeHHH HH3BK0HaCT0TH01 fliejieKTpHHHOl npOHH- 
KHOCTi BHCOKOOMHHX KpHCTajIlB GaSe Ha HaCTOTax flO 100 kPu, 
3 BHKOpHCTaHHHM 6jIOKyK3HHX flJIH HOCllB ejieKTpHHHOrO 3apS- 
flV (i30JIK3IOHHx) KOHTaKTiB. BHMipiOBaHHH npOBOflHJIH npH npn- 

Kjia^aHHi flo 3pa3Ka HeBejiHKoro o^HOBicHoro THCKy b Me»cax /K) 
2, 4-10 Ila B3flOB*c oci c, HopMajn>Ho'f flo njioirniHH mapiB KpncTa- 
jia. BcTaHOBjieHO, mp fliejieKTpHHHHH cneKTp bhcokoomhhx Kpn- 
CTajiiB GaSe 3 6jiOKyiOHHMH ejieKTpoflaMH nifljiarae ymBepcajiBHO- 
My CTeneHeBOMy 3aKOHy ~w n_1 , fle ui — Kyi-OBa nacTOTa, n £b 0, 8, 
hkhh pamme cnocTepirajiH Ha bhcokoomhhx 3pa3Kax 3 KOHTa- 
KTaMH 3 HanjiaBJieHoro m^iio. O^HaKOBa cpopMa ^riejieKTpHHHO- 
ro cneKTpa Ha KpncTajiax 3 pi3HHMH THnaMH KOHTaKTiB (omimhh- 
mh Ta 6jiOKyiOHHMH) niflTBepfljKye o6'6mhhh xapaKTep cnocTepe- 
scyBaHoro HBHina nojiHpH3aH,ii', aKe noB'sayeTBCH 3i ctph6koho- 

fli6HHM nepeMiHJ,eHHHM KBa3ijIOKajH30BaHHX HOCilB ejieKTpHHHO- 
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ro 3ap5yry. BcTaHOBjieHO, mp fliejieKTpiiMHa npoHHKHicTB jrimH- 
ho 3pocTae 3 BejiH^HHOio npiiKjia^eHoro o^HOBicHoro THCKy 3 ko- 
ecpiirieHTOM Ae/(eAp) = 8-10~ 7 Ila -1 . CnoerepiraeTbCsi He3Ha- 

MHG 36ijIBLUeHH5I nOK33HHKa CTeneHH 1 — Tl npH 36ijIBLUeHHi THCKy, 

mp npHBOfliiTt flo nociijieHHH .znicnepcii' fliejieKTpiiHHoi' npoHHKHO- 



CTi. 3HaMHa 3ajie>KHiCTB HH3BKOMaCTOTHOl' ,Zl,iejieKTpHMH01 npotm- 

KHOCTi Bi,zi, o^HOBicHoro THCKy b bhcokoomhhx KpHCTajiax GaSe 

nOB'H3yeTBCH 3 CpOpMyBaHHHM yTBOpeHB flHnOJliB, o6epTaHHH HKHX 

eKBiBajieHTHi CTpnoKaivi jiOKani30BaHHx hociTb ejieKTpHHHoro 3apa- 
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